An extra storage of Li has been observed experimentally at low potential in Me/LiF nanocomposites ͑where Me refers to transition metals such as Cu, Co, etc.͒, with a pseudocapacitive behavior characterized by a high rate performance. To understand the mechanistic details of the lithium storage anomaly, we have performed comparative ab initio calculations on the atomic and electronic structure of the nonpolar Cu/ LiF͑001͒ and model Li/ LiF͑001͒ interfaces. For this aim, we inserted extra Li atoms at several possible sites of the periodic two-dimensional Me/LiF ͑Me= Cu, Li͒ interfaces. The energetically most favorable site for extra Li atom is above the surface F − ion with Cu atoms on the other side of the interface, atop the surface Li + ions. An increase of the inserted Li atom concentration in the Cu/ LiF interface is accompanied by an increase of the electron charge transfer from extra Li atoms toward the transition metal adlayers, in agreement with a recently proposed mechanism of interfacial charge storage. This is supported by an analysis of the densities of states projected on different atoms including extra Li, as a function of inserted Li concentration. The Cu/ LiF͑001͒ interface permits an insertion of only one monolayer of extra Li atoms, unlike Li bilayer in the case of Ti/ Li 2 O͑111͒. Diffusion of the excess Li along the interface is found to be accelerated, owing to the splitting of the individual pathways for Li + and e − , which explains a high rate performance observed experimentally at low potential. We also compare theoretical estimate and experimental capacity results in the Cu/ LiF nanocomposite.
I. INTRODUCTION
Continuously increasing needs in mobile electronic devices require improved Li-ion batteries. 1 One important demand is the increase of the storage capacity of cathode and anode materials. In this context, the conversion reaction introduced recently in transition metal oxides 2 is considered to be an important step forward. High lithium storage ͑800-1200 mA h g −1 ͒ was observed in nanocomposites with several metal oxides ͑CoO, NiO, FeO, RuO 2 , etc.͒ using a reversible conversion reaction that involves their reduction to nanosize transition metals with in situ formation of nanoscale Li 2 O. 2, 3 A similar heterogeneous conversion reaction was also reported in nanocomposites with fluorides, such as TiF 3 , FeF 2 , BiF 3 , etc. 4, 5 Moreover, in both Me/ Li 2 O and Me/LiF nanocomposites, an additional pseudocapacitive lithium storage ͑75-150 mA h g −1 ͒ was observed at low potentials.
To explain the origin for the latter Li storage anomaly, an interfacial charge storage mechanism was suggested recently, 6 which is of great fundamental significance as ͑i͒ it highlights the importance of synergistic considerations in composite systems and ͑ii͒ it forms the bridge between capacitor and electrode function. According to this mechanism, Li + ions are stored in the subsurface or surface of Li 2 O or LiF, while the electrons ͑e − ͒ are accommodated in the transition metal, thus resulting in a charge separation. In nanostructured solids, such interfacial effects can play a dominant role due to their substantial proportion of interfaces with respect to the bulk ͑to several tens of vol %͒ but even more noticeably because of their finite spacing leading to the size effects. 7 It is important to note that interfacial storage is observed in the Me/ LiX ͑X =O,F͒ nanocomposites in which no alloy reaction occurs between the transition metal and Li. To stress it again, as both components ͑Me and LiX matrix͒ cannot store Li in their bulk, it is the synergistic two-phase effect that enables the extra storage at low potential. 6 In a recent publication, 8 we provided evidence for such an interfacial storage anomaly in nanocomposites through first principles electronic structure calculations performed on the Ti͑0001͒ / Li 2 O͑111͒ model interface. This was found theoretically to be the most stable one amongst the Me/ Li 2 O interfaces due to a small lattice mismatch and structural compatibility between components, notwithstanding the fact that Ti/ Li 2 O nanocomposites were not yet experimentally grown. Present calculations are performed on the Cu/ LiF͑001͒ and Li/ LiF͑001͒ interfaces, which complement our experimental results. 4, 5 Even though the interfacial storage in LiF is less favorable than in Li 2 O according to experiments [2] [3] [4] [5] and structural expectations, we concentrate here on the LiF͑001͒ surface, as it is nonpolar in contrast to Li 2 O͑111͒ considered in the previous study. 8 ͓Note that amongst different densely packed lithium fluoride and lithia substrates both LiF͑001͒ ͑Ref. 9͒ and Li 2 O͑111͒ ͑Ref. 10͒ were found to be energetically most stable, with the lowest surface energy. Thus, they may prevail also in nanocomposites where the ratio surface/ volume is much larger than in two-dimensional ͑2D͒ slabs.͔
In this paper, we shortly present experimental results of lithium storage in the Me/ LiX nanocomposite vs Li and compare such low potential extra storage with effects in various nanocomposites such as Ru/ Li 2 O, Co/ Li 2 O, and Co/ LiF. [3] [4] [5] As models of the Me/LiF interfaces, we consider 2D slabs containing a Me ͑=Cu, Li͒ overlayer atop the LiF͑001͒ substrate. The number of Cu monolayers is varied between 1 and 3, in order to study the influence of the metal thickness and to compare calculations with the behavior of nanosized metals in real experimental situations.
II. THEORETICAL BACKGROUND
Unlike the polar Li 2 O͑111͒ substrate with the stoichiometric substrate slab consisting of two oxygen planes surrounded by two lithium planes each, 8 the slab model of the nonpolar LiF͑001͒ surface includes four layers consisting of an equal number of alternating fluorine and lithium ions forming a square 2D lattice ͑Table I͒. Both components of Me/LiF͑001͒ interfaces ͑Me= Cu, Li͒ possess a cubic lattice structure, which is described by both Fm3m ͑Cu and LiF fcc structures͒ and Im3m space groups ͑Li bcc structure͒; i.e., they are symmetrically compatible. However, the lattice constant of the LiF substrate ͑4.03 Å͒ noticeably exceeds that for Cu ͑3.62 Å͒ and Li ͑3.51 Å͒, 11 by 10% and 13%, respectively. The thickness of the copper trilayer in our models ͑i.e., ϳ0.6 nm͒ is quite comparable with the size of Ru or Co nanograins observed experimentally. 2, 3 In order to vary the lithium atom concentration at the Cu/ LiF͑001͒ interface beginning with the 0.25 ML ͑monolayer͒, we have considered 2 ϫ 2 surface supercells ͑Table I͒. Extra Li atoms have been inserted in several positions of the Cu/ LiF͑001͒ interface: ͑i͒ above the outermost F − ion ͓Table I͑a͔͒, ͑ii͒ above the outermost hollow position of the Li-F square ͑the middle of the nearest F-F distance͒, ͑iii͒ inside the outermost LiF interlayer under the hollow position ͓Table I͑b͔͒. We also calculated Li atoms on the opposite side of the LiF͑001͒ slab ͓Table I͑c͔͒ and simulated analogously the Li/ LiF͑001͒ interface.
The structure relaxation of free and Li containing interfaces has been performed using the optimization procedure of the CRYSTAL-03 code. 12 To optimize geometry, we have relaxed the first atomic coordination sphere around the inserted Li atom as well as metal-substrate spacing ͑Table I͒. Before Li atoms are inserted into the Cu/ LiF interface, the innermost Cu adatoms prefer to sit atop the outermost surface F − ions of a LiF substrate. The same is true when Li atoms are inserted into the Cu/ LiF interface in the hollow positions above LiF ͓Table I͑a͔͒. However, if extra Li atoms ͑in concentration ജ0.25 ML͒ are inserted atop the surface F − ions, the Cu overlayer is shifted as a whole along the interface, so that the interfacial Cu adatoms sit atop the substrate Li + ions of LiF ͓Table I͑a͔͒. At the same time, the arrangement of the Li adsorbate is not changed at a small concentration of interfacial extra Li atoms atop F − ions since the density of atoms in the bcc Li monolayer is twice as small as that in the fcc Cu layer.
In our ab initio calculations performed with the localized basis set of Gaussian-type orbitals, we have used the hybrid B3PW method, which includes a partial incorporation of the exact Hartree-Fock exchange into the density functional theory ͑DFT͒ exchange functional as implemented in the CRYSTAL-03 code. 12 The all-electron basis sets for atomic functions of F ͑7s-311sp and Li ͑3s-1sp͒ were earlier optimized for a LiF single crystal, 13, 14 whereas Cu atomic functions ͑HAYWSC-4111sp-31d͒ were optimized by us 15 using a small core Hay-Wadt pseudopotential. 16 We prefer the hybrid B3PW method for Me/ LiX slab calculations since it gives an accurate band gap for insulators such as LiF. 12 Notice that in recent theoretical studies of electrode materials in Li batteries, such as the study of the electronic and electrochemical properties of Li x ͑Ni 0.5 Mn 0.5 ͒O 2 , 17 the prediction of lithium ordering in Li x CoO 2 , or the phase separation in Li x FePO 4 nanocomposites, 18, 19 the alternative DFT plane wave formalism was used as implemented in the VASP code, 20 which usually considerably underestimates the band gap. The mechanism of Li insertion reaction in Cu 6 Sn 5 ͑Ref. 21͒ as well as InSb and Cu 2 Sb ͑Ref. 22͒ anode materials was successfully investigated recently using the linearized augmented plane wave WIEN-2K code. Such studies have proven the power of the first principles calculations in understanding lithium insertion/intercalation reactions. The present study focuses on understanding the lithium storage at the interfaces of Me/ Li 2 O or Me/LiF nanocomposites using ab initio hybrid calculations where experimental techniques have limitations in providing a direct evidence.
III. EXPERIMENTAL STUDY OF EXTRA Li STORAGE AT Me/LiF INTERFACES
Previous experimental studies of a few transition metal fluorides as electrode material evidenced the possibility of a partly reversible high Li storage through a conversion reaction forming Me/LiF nanocomposites. 4, 5 In the case of CuF 2 , upon incorporation of 3.1 Li + during the first discharging, a Cu/ LiF nanocomposite is formed at a Li storage of 840 mA h g −1 . Raman as well as x-ray photoemission spectroscopy ͑XPS͒ spectra taken on fully discharged as well as fully charged CuF 2 samples confirmed the presence of Cu/ LiF composites upon discharging to 0.02 V and of nanocrystalline CuF 2 phase upon charging to 4.3 V. However, a complete conversion of the Cu/ LiF nanocomposite to CuF 2 was found to be difficult to achieve; only 1 Li + could be removed upon the first charging corresponding to about 38% of Coulomb efficiency. 4 If the charge-discharge of the Cu/ LiF nanocomposite is limited to the voltage window of 0.02-1.0 V, a pseudocapacitive behavior with a reasonably good cyclic performance is achieved. When cycling at a rate of C / 20 in this low potential window, Li storage of about 113 mA h g −1 is observed ͑after correction with respect to 10% of carbon content in the electrode͒. Within this voltage window, no change in the valence state of Cu is observed from the XPS measurements upon discharging and charging, referring to the lithium storage in this voltage window not related to the redox reaction associated with the insertion or conversion reaction but solely due to an interfacial adsorption and desorption phenomenon.
As discussed earlier, 8 such a low potential extra storage can be achieved even at a faster rate of discharge and charge cycling. Figure 1 The energy gain due to insertion of Li atoms into the hollow positions at the Cu/ LiF͑001͒ interface ͓the Cu͉Li͉LiF structure for the Cu bilayer and 0.25 extra Li ML, as shown in a lower window of Table I͑a͔͒ is 4.9 eV. This is energetically more favorable than bringing extra Li at the same concentration into similar positions either atop the copper bilayer ͑Li͉Cu͉LiF structure, the adsorption energy of 3.5 eV͒ or below the LiF͑001͒ slab ͓Cu͉LiF͉Li with the adsorption energy of 3.3 eV, the upper window in Table I͑c͔͒ . This is a result of Cu stabilization of Li adsorption on the LiF surface. At larger concentrations of extra Li ͑0.5 ML͒, the interfacial energy gain is reduced down to 4.2 eV. As soon as the extra Li concentration reaches 1 ML inside the interface between lithium fluoride and transition metal ͑i.e., all F − ions are saturated by inserted Li atoms͒, attempts of further insertion of Li atoms turn out to be energetically unfavorable. That is, on a pure energetic basis, more than 1 Li ML cannot be inserted into the Cu/ LiF͑001͒ interface.
For the Li/ LiF͑001͒ interface, the estimated interfacial energy gains are much smaller: 2.8 and 2.4 eV for 0.25 and 0.5 extra Li ML, respectively, which indicates a rather destabilizing influence of bcc Li monolayer on the insertion of additional Li atom ͓unlike the Cu/ LiF͑001͒ interface and previously studied Li adsorption on the Li 2 O͑111͒ surface 8 ͔, whereas the presence of two and three bcc Li layers atop the LiF surface reveals abnormal charge redistribution from the outermost layer of the Li slab toward the interface. Beyond one extra Li monolayer inside the Li/ LiF interface, it is found to be energetically unstable.
Based on the cohesive energy of 2.0 eV for bulk Li ͓which we calculated using the same computational procedures as well as Li parameters as described in Sec. II; compare the experimental value of 1.7 eV ͑Ref. 23͒ and 1.6-2.0 eV obtained in various DFT calculations 24 ͔, the voltage for the Cu/ LiF composites could be estimated in the limit of low Li concentrations as 2.9 and 2.2 V ͑vs solid Li͒ for Li interfacial concentrations of 0.25 and 0.5 ML, respectively. One can see a considerable decrease in voltage with the Li concentration increase. For the Li/ LiF interface, the estimated voltage is much smaller: 0.8 and 0.4 V for the same extra Li concentration. As soon as Li concentration approaches 1 ML, the voltage here also approaches zero and even becomes slightly negative; that is, the transfer of the Li atom from lithium bulk to the Li/ LiF interface turns out to be energetically unfavorable. While the absolute voltage values may not be directly transferable to the experimental conditions, the discussed trends should.
The analysis of charge redistributions in the Cu/ LiF͑001͒ interface ͑Table I͒ shows that inserted Li atoms donate a considerable portion of the electron density toward the nearest Li ions ͑thus reducing their effective charges͒ and to Cu atoms on the other side of the interface. In the extreme case of Li atoms adsorbed on a pure LiF surface on the opposite side of the Cu interface ͓Table I͑c͔͒, the effective charges of F − ions slightly exceed −1e, which is a known artifact of the Mulliken population analysis.
For a given thickness of the Cu layer, e.g., a bilayer, the electronic charge transfer toward Cu grows steadily with an increase of the interfacial Li concentration: from 0.2e ͑for 0.25 Li ML͒ through 0.47e ͑for 0.5 Li ML͒ to 0.67e ͑for 1 Li ML͒. Without inserted Li, there is practically no electron charge transfer across the Cu/ LiF͑001͒ interface ͑Table II͒ with Li and F charges close to ±1e. This is in line with a weak physisorption observed by us earlier for a similar nonpolar Cu/ MgO͑001͒ interface. 25 After the insertion of a small amount of extra Li ͑up to 0.25 ML͒, each Li atom donates about 0.9e toward both the Cu overlayer and surface Li ions ͓Table I͑a͔͒. The larger the extra Li concentration, the larger the electronic charge transferred. The insertion of Li atoms into the octahedral positions even in the first LiF interlayer is energetically very unfavorable ͓Table I͑b͔͒, whereas Li adsorption on a free LiF surface on the opposite side of the interface is less favorable than its insertion inside the Cu/ LiF interface ͓Table I͑c͔͒. For the Cu/ LiF͑001͒ interface containing extra Li concentration up to 1 ML, we With an increase of the extra Li concentration ͑0, 0.25, 0.5, and 1 ML͒, one observes a substantial growth of the energy difference between the F͑2p͒ and Cu͑3d͒ peaks ͑pseudogap͒ for substrate and adsorbate, respectively. This gap achieves 12.0 eV for 1 extra Li ML ͓Fig. 2͑d͔͒, which occurs partly due to the Cu͑3d͒ peak shift to higher energies as a result of increasing electron transfer toward transition metal accompanying the increase of extra Li concentration. This also indicates a weakening of the Cu bonding with the substrate due to the screening effect of the inserted Li layer. Not only a noticeable shift of F͑2p͒, Cu͑3d͒, and Cu͑4s͒ levels along the energy scale is observed with the change of extra Li concentration; the shape of these bands also changes.
As to the projections of Li͑2p͒ states, they are much weaker as compared to both F͑2p͒ and Cu͑3d͒ ͓analogously Table II . The Li͑2s͒ states within the area of the F͑2p͒ band arise due to the Pauli expulsion of F states from internal Li area. This is a well known effect caused by the penetration of anion atomic orbitals into the core region of neighboring cations. 26 It is also worthy of mention for a comparison that for a bilayer transition-metal coverage of Li 2 8 indicate that migration energies are quite low. These results shed light on the fact that interfacial storage occurs at a fast rate, as shown in Fig. 2 . The fast interfacial storage kinetics is not just due to the low thresholds of Li + transport in LiF, it is also based on the fact that electrons can move fast within the metal during chemical Li transport while they have to accompany the Li + motion in the LiF bulk in the case of intercalation mode. Hence, the heterogeneous storage that allows Li + and e − to sit in preferred phases is also connected with facilitated heterogeneous storage kinetics as both Li + and e − can take their preferred kinetic paths.
V. CONCLUSIONS
We have shown that the extra Li storage capacity obtained in transition metal-LiX ͑X =O,F͒ nanocomposites could be explained by an interfacial storage mechanism. Among the Me/ LiX ͑X = O, F; Me= Cu, Ti, Ru, Co͒ investigated experimentally, the Ru/ Li 2 O composite exhibits high interfacial storage. Moreover, the Li storage for Co/ Li 2 O is larger than for the Co/ LiF interface. Our theoretical simulations clearly show that this is in line with the different compositions of interfacial Li atoms in the Me/ Li 2 O and Me/LiF interfaces, corresponding to the different crystal structures. Our DOS analysis semiquantitatively confirms the results of the electronic charge transfer from the LiF substrate toward interfacial copper: The larger the inserted Li concentration, the greater the charge donation, achieving ϳ0.7e per interfacial Cu atom for 1 extra Li ML.
The calculated energy gain for Li atom insertion inside the Cu/ LiF͑001͒ interface and, thus, the voltage strongly depend on the inserted Li concentration; both quantities decrease as the Li concentration grows.
The calculated Li migration energy on the Me/LiF interfaces is typically quite small, of the order of 0.5 eV. Evidently, the heterogeneity does not only provide a thermodynamically preferred storage, it is also helpful for the mass transport, as Li + can move along the crystal sites, while the electron takes the metal path.
